Aims/hypothesis Diabetes increases the risk of premature death and reduces work productivity. We estimated the impact of diabetes in China in terms of mortality, years of life lost, and productivity-adjusted life years (PALYs) lost in the Chinese population. Methods Life table modelling was used with simulated follow-up of those with diabetes in the Chinese population of working age (20-49 years in women and 20-59 years in men) until retirement age (50 years for women and 60 years for men). Data regarding the prevalence of diabetes, as well as excess mortality, labour force dropout and productivity loss attributable to diabetes, were taken from published sources. Models were constructed for the cohort with diabetes and repeated for the same cohort assuming that they had no diabetes. The differences in number of deaths, years of life lived and PALYs lived between the two models reflected the impact of diabetes. The WHO standard 3% annual discount rate was applied to years of life and PALYs lived. Results In 2017, an estimated 56.4 million people of working age in China (7.1%) had diabetes. With simulated follow-up until retirement, those with diabetes were predicted to experience an estimated 4.1 million more deaths, the loss of an additional 22.7 million years of life (3.7%) and the loss of an additional 75.8 million PALYs (15.1%). This was equivalent to an average of 1.3 PALYs lost per person with diabetes. Based on gross domestic product (GDP) per full-time worker in 2017, the loss in PALYs equated to a total of Chinese ¥17.4 trillion (US$2.6 trillion) in lost GDP owing to reduced productivity, with an average of ¥307,925 (US$45,959) lost per person with diabetes. Conclusions/interpretation Our study demonstrates the significant cumulative impact of diabetes on productivity across the working lifetime in the Chinese population, highlighting the potential economic benefits of diabetes prevention in the longer term.
Introduction
The People's Republic of China is the epicentre of the worldwide diabetes epidemic, with an estimated 114.4 million people with diabetes in 2017 [1] . This equates to one in four of people with diabetes worldwide living in China and follows a rapid increase in the prevalence of diabetes in China, from 0.7% in 1980, to 2.5% in 1994, 5.5% in 2000 and 10.9% in 2013 [2] [3] [4] [5] . While the prevalence of diabetes is highest in older age groups, it continues to rise among younger people in China [6] . Furthermore, there is evidence to suggest Asian Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00125-019-4875-4) contains peer-reviewed but unedited supplementary material, which is available to authorised users.
populations develop symptoms at a younger age and experience greater severity of complications and risk of premature mortality, compared with Europid populations [7] [8] [9] . The burden of disease is potentially greater in younger populations owing to increased years lived with disease and higher risk of chronic complications [10] .
Diabetes-related morbidity can lead to reduced workforce participation and productivity while at work, including more work days lost to ill health (absenteeism) and reduced efficiency at work (presenteeism) [11, 12] . The resulting loss of productivity can impose an economic burden on individuals, employers and governments through reduced earnings, tax revenue and gross domestic product (GDP) [13, 14] . In the USA, an estimated $89.9 billion was lost owing to diabetes-related productivity losses in 2017, including diabetes-related absenteeism ($3.3 billion), presenteeism ($26.9 billion), reduced labour force participation ($37.5 billion), and premature deaths attributed to diabetes ($19.9 billion) [13] . In China, this has been less well studied, but the IDF estimated that diabetes cost China approximately US$109.8 billion in 2017 [1] . However, these estimates were based on the 'direct' costs of diabetes relating to healthcare expenditure, and did not incorporate 'indirect' costs, including diabetes-related productivity losses. Estimates of productivity loss are important to capture the broader economic burden of diabetes and to inform the case for investment in its prevention and control [15] . In the present study, we sought to estimate the impact of diabetes on the Chinese population, both in terms of years of life lost and productivityadjusted life years (PALYs) lost due to diabetes [16, 17] .
Methods
Our analyses utilised multistate life table models [18] , constructed for separate sex and age (in 5-year age groups) cohorts of the Chinese population aged 20 to 49 years in women and 20 to 59 years in men, with follow-up until 60 years in men and 50 years in women (retirement age) [19] . Official retirement age for female 'professionals' is 55 years (including medical personnel and other professions) and 50 years for all other female workers [19, 20] . However, owing to a lack of data regarding diabetes prevalence within professions, retirement age was conservatively assumed to be 50 years for all women.
Age-specific mortality rates, workforce statistics and measures of productivity were used to simulate the progression of these cohorts until death or retirement age, measuring cumulative years of life and PALYs lived. Data were derived from a combination of publicly available datasets and published sources, shown in electronic supplementary material (ESM) Table 1 . First, the life table model estimated these variables for the working-age population who had diabetes. The cohort was then re-simulated with the hypothetical assumption that they did not have diabetes, with relevant changes to mortality rates, labour force rate and productivity indices (see below). The differences in total years of life lived and PALYs lived between the two cohorts reflected the impact of diabetes. The WHO standard 3% annual discount rate was applied to all years of life and PALYs lived [21] .
Population and mortality rates The demographic profile of the cohort was derived from the 2017 China Statistical Yearbook, stratified by sex and 5-year age groups [22] . Diabetes prevalence estimates from the 2017 IDF Diabetes Atlas were used to calculate the number of people with diabetes in the population by sex and age group [1] . Sex-and agegroup-specific mortality data for 2017 were extrapolated from the 2010 census data using temporal trends in adult mortality rates for China from the United Nations (UN) World Population Prospects (WPP) [23, 24] . These were attributed to those with and without diabetes based on age-and sexspecific diabetes prevalence and the RR of all-cause mortality associated with diabetes in Chinese populations derived from a national prospective study of adults with diabetes (ESM Table 2 ) [25] . Mortality rates were obtained for 5-year age bands, and extrapolated using exponential functions to provide rates for age in single years (chosen for best fit, R 2 = 0.96-0.99), assuming that the rate for a 5-year age group applied to people in the midpoint of that age band. We projected temporal trends in population mortality risk across the model time horizon using average annual proportional reduction in adult mortality in China (1.0% per year) from the UN WPP forecast [24] . Annual age-and sex-specific mortality rates were applied to the model in yearly cycles with deaths assumed to have occurred at the midpoint of the year.
Labour force participation Sex-and age-specific labour force participation in China were drawn from International Labour Organization (ILO) estimates for 2017 [26] . Labour force participation was lowest in those aged 20-24 years in both men (69.4%) and women (65.0%) and highest in men aged 30-34 years (97.0%) and women aged 25-29 years (84.2%).
Productivity indices Diabetes-related productivity loss was characterised using two productivity indices: diabetes-related labour force dropout, which captures the shortfall in labour force participation in those with diabetes compared with those without diabetes, and a productivity index, which reflects the productivity of an individual as a proportion, ranging from 0 (entirely unproductive) to 1 (entirely productive), and captures impairment to productivity due to a health condition [16, 17] . These inputs were derived from estimates of absenteeism, presenteeism, and labour force participation in those with diabetes compared with those without diabetes [27] . Diabetesrelated labour force dropout was expressed as labour force participation percentage shortfall and ranged from 7.0% in women and 5.2% in men with diabetes aged 20-29 years to 12.8% in women and 8.3% in men with diabetes over 40 years, respectively [27] . These relative reductions were applied to 2017 ILO sex-and age-group-specific population labour force participation rates to derive the labour force participation rates in those with and without diabetes. In the absence of data on the division of the labour force into full-and part-time employment by disease status, all employees were assumed to be in full-time employment. In the model, years of life lived by the cohort were multiplied by the labour force participation rate to calculate years lived in the labour force.
To estimate PALYs lived by the diabetes cohort, each year lived in the labour force by the cohort was multiplied by a productivity index derived from estimates of diabetes-related absenteeism and presenteeism [16, 17] . This is akin to multiplication of years of life lived by utilities to derive qualityadjusted life years (QALYs) [28] . Absenteeism was defined as the number of lost work days per year owing to diabetes and was expressed as a percentage of the total working days per year, while presenteeism was defined as self-assessed productivity loss while at work and expressed as a percentage of total productivity. Absenteeism was estimated to be 10.2 days per year in women and 1.9 days in men [27] , which, as a proportion of the 245 maximum working days per year in China, represents a 4.1% and 0.8% reduction in productivity, respectively. The shortfall in productivity due to diabetes-associated presenteeism was 1.0% in women and 0.6% in men [27] . The available evidence did not allow for stratification of absenteeism and presenteeism estimates by age group. The combined productivity diabetes-related shortfall owing to absenteeism and presenteeism was thus assumed to be 5.1% in women (productivity index = 0.95) and 1.8% in men (productivity index = 0.98). The productivity index in those without diabetes was assumed to be 1.0.
Data on the GDP per worker were drawn from the 2018 Organisation for Economic Co-operation and Development (OECD) Compendium of Productivity Indicators, and in China in 2017, the figure was ¥179,486 (US$26,789) [29] . We assumed that the economic value of each PALY was equivalent to annual GDP per worker. We projected temporal trends in GDP across the model time horizon using the OECD long-term GDP forecasts [30] .
Sensitivity and scenario analyses First, the individual contribution of absenteeism, presenteeism, labour force dropout and premature mortality to productivity loss were assessed. Second, deterministic sensitivity analyses were undertaken to assess the impact of uncertainty around diabetes-related mortality risk, productivity indices, and economic data inputs on the model and PALYs lost in those with diabetes in the Chinese population. These include: upper and lower uncertainty bounds around estimates of all-cause mortality risk associated with diabetes based on the upper and lower 95% CI around estimates of RR, respectively [25] , and the upper and lower uncertainty bounds around productivity indices based on decreasing and increasing estimates of absenteeism, presenteeism, and labour force dropout by 25%, respectively [27] . Finally, scenario analyses were undertaken to explore other model assumptions and compared with the base case, including: varying population mortality risk, by doubling the average annual reduction in mortality risk from the UN WPP (1.0% per year) to a 2.0% reduction per year; and by removing the temporal trend and maintaining 2017 mortality risk across the model time horizon. Similarly, trends were varied in GDP per worker, by doubling the annual GDP growth rate from 3.2% per year (OECD forecast average annual GDP growth rate) to 6.4% per year; and by removing the temporal trend and maintaining 2017 GDP per worker estimates across the model time horizon [31] . To assess the impact of the assumption of the WHO standard annual discount rate of 3.0%, scenario analyses were performed in which the discount rate applied was 5.0% or 1.5% [22] .
Results
The prevalence of diabetes in the Chinese working age population was 7.1% (9.6% in men and 4.7% in women), equating to 56.4 million people (41.4 million men and 15.1 million women) between 20 years and retirement age living with diabetes ( Table 1) .
Excess mortality and years of life lost to diabetes Until each cohort reached retirement age, there were an estimated 4.1 million more deaths in those with diabetes than in the same cohort assuming no diabetes (Table 2) . We estimated that years of life lived by the current cohort of people living with diabetes in China would be reduced by an estimated 22.7 million years (3.7%) over their working lifetime, compared with the same cohort assuming no diabetes (Table 2) . This equated to an average of 0.2 years of life lost per person with diabetes (0.5 in men and 0.1 in women) over the working lifetime.
Productivity-adjusted life years lost to diabetes Diabetes was estimated to reduce PALYs lived by the current cohort of people living with diabetes in China by 75.8 million PALYs (56.3 million in men and 19.5 million in women) over the working lifetime or by 15.1% (14.1% in men and 18.6% in women) ( Table 3 ). This equated to 1.3 PALYs lost per person with diabetes (1.4 in men and 1.3 in women). Assuming a constant GDP per full-time worker of ¥179,486 (US$26,789), productivity lost to diabetes in China would be associated with a ¥17.4 trillion (US$2.6 trillion) loss in GDP. This is equivalent to an average GDP loss of ¥307,925 (US$45,959) per person with diabetes over the working lifetime.
Sensitivity and scenario analyses Figure 1 shows the contribution of the four causes of diabetes-related productivity loss considered in our models. Labour force dropout (62.1%) and mortality (24.7%) were the major contributors to productivity loss, followed by absenteeism (9.0%) and presenteeism (4.2%). Accordingly, the majority of costs associated with productivity losses were caused by diabetes-related labour force dropout (¥10.8 trillion, US$1.6 trillion) and mortality (¥4.2 trillion, US$640.8 billion), followed by absenteeism (¥1.6 trillion, US$232.9 billion) and presenteeism (¥728.4 billion, US$108.7 billion). The proportion of PALYs lost to diabetes-related mortality was higher in men (24.7%) than women (7.1%), while the proportion of PALYs lost to absenteeism was higher in women (21.1%) than in men (9.0%).
The model was sensitive to a number of inputs such as productivity indices, diabetes-related labour force dropout, and mortality risk, and model assumptions, including temporal trends in mortality risk and the annual discount rate (Table 4) . Compared with the base case, at upper and lower Table 1 The age-and sex-specific population and number of people living with diabetes in China in 2017 a Age-and sex-specific population estimates were based on the 2017 China Statistical Yearbook [22] b Age-and sex-specific prevalence of diabetes based on estimates by age and sex from the 2017 International Diabetes Federation Diabetes Atlas (8th Edition) [1] . Number of men and women with diabetes calculated based on prevalence of diabetes but, due to rounding of data presented in this table, values may not precisely match uncertainty bounds of absenteeism and presenteeism estimates, PALYs lost to diabetes were reduced and increased by 3.1%, respectively; and by 15.6% at the upper and lower bounds of estimates of diabetes-related labour force dropout, respectively. Applying the upper and lower bounds of 95% CI around estimates of all-cause mortality risk associated with diabetes, PALYs lost were increased by 2.7% and decreased by 3.2%, respectively. In scenario analyses, doubling the annual reduction in population mortality risk to 2% reduced PALYs lost by 1.0%, while removing all temporal trends in population mortality risk increased PALYs lost by 1.2%. Doubling the annual GDP growth rate to 6.4% led to an increase in the estimate of GDP lost to ¥21.1 trillion (US$3.2 trillion), while removing all temporal trends in GDP decreased the estimate of GDP lost to ¥13.6 trillion (US$2.0 trillion). Finally, increasing the annual discount rate to 5% corresponded to a 14.5% reduction in PALYs lost, and a reduction in annual discount rate to 1.5% led to a 14.2% increase in PALYs lost (Table 4 ).
Discussion
Our study highlights the considerable impact of diabetes on the years of life lived and productivity in China. Among the working age Chinese population with diabetes followed to retirement age, diabetes was predicted to cause 4.1 million excess deaths, 22.7 million years of life lost and a 15.1% loss of PALYs, associated with a significant economic impact over the working lifetime. Productivity losses accumulated from a combination of premature mortality and diabetes-related labour force dropout, absenteeism and presenteeism while at work. Over the working lifetime of the diabetes cohort, higher all-cause mortality risk in those with diabetes resulted in a 3.7% reduction in years of life lived; this was higher in men (4.4%) than women (1.3%). This is consistent with previous studies showing higher mortality risk in working age Chinese men than women [32] . Despite a lower prevalence of diabetes among younger age groups, the relative impact of diabetes on years of life lost was greater among younger people. This is consistent with the strong association between duration of diabetes and mortality risk, and evidence for high risk of diabetes complications and mortality among younger age groups in East Asian populations [8, 33, 34] .
Our findings estimate that diabetes will cause a 15.1% reduction in the total number of PALYs lived by the current Chinese population with diabetes, or 1.3 PALYs per person, over a working lifetime. This was similar to the average number of PALYs lost per person with diabetes in a recent study in Table 2 Excess deaths and years of life lived in those with diabetes, and in the same cohort assuming no diabetes, over the working lifetime of the Chinese population simulated from life Calculation of years of life lived were modelled in life tables with a half cycle correction and were subject to an annual discount rate of 3%
Australia [16] . However, retirement age in China is 10 years and 20 years lower in men and women, respectively, than in Australia, and therefore people living with diabetes in China incurred similar productivity losses over a shorter timeframe, and in younger age groups. This is likely to be the result of higher mortality risk and labour force dropout in the Chinese population with diabetes compared with the Australian population with diabetes [16] . We further estimated that the lost productivity incurred a loss of ¥17.4 trillion (US$2.6 trillion) in GDP, demonstrating the significant economic impact of diabetes-related productivity losses. Furthermore, as our model did not take into account the considerable direct costs of diabetes (including diagnosis, treatment and care), this is likely to be a highly conservative estimate of economic impact. This is supported by recent ADA research which found that productivity losses only accounted for 27.5% of the total economic costs of diabetes in the USA in 2017, and a global study which reported that 34.7% of the total economic burden was due to productivity losses [13, 27] . These findings suggest that the wider economic burden of diabetes in China could be three to four times greater than our estimates. The absolute number of PALYs lost over the working lifetime in our model was greater in men. This is because the prevalence of diabetes is higher in men than women and increased time at risk of diabetes-related productivity losses owing to the higher retirement age in men than women in China [20] . However, the relative reduction in productivity was greater in women with diabetes (18.6%) than men with diabetes (14.1%), and in all age groups driven by greater labour Calculation of PALYs were modelled in life tables and subject to an annual discount rate of 3% 
Fig. 1
Economic burden of productivity loss in those with diabetes owing to diabetes-related premature mortality, labour force dropout, absenteeism and presenteeism over the working lifetime in the Chinese population force dropout and absenteeism in women with diabetes compared with men. This is reflected in the high proportion of productivity losses due to labour force dropout and absenteeism in women (66.6% and 21.1%, respectively) compared with men (60.7% and 5.0% respectively). There is a wealth of evidence for employment shortfall in people with diabetes compared with those without diabetes [13, 35, 36] . For example, diagnosis of diabetes in the USA was associated with approximately double the labour force participation shortfall and more days of work lost in women with diabetes compared with men with diabetes [37, 38] .
We estimated an average GDP loss of ¥307,925 (US$45,959) per person with diabetes over the working lifetime. In theory, this amount could be spent per person in the current diabetes cohort in China to prevent diabetes as a breakeven investment. However, this assumes 100% effectiveness of prevention. If an intervention was able to prevent 10% of diabetes, the break-even investment amount would be ¥30,793 (US$4596) per working age person. These figures are based on saved productivity alone and therefore likely to be a conservative estimate with savings from reduced direct costs of diabetes adding considerable economic benefit [15] . Future studies on diabetes prevention in Chinese populations that incorporate both direct and indirect costs of diabetes would more accurately characterise the potential cost benefit of these interventions.
Our study adds information to previous estimates by the IDF and others of the economic burden of diabetes, by quantifying these in terms of missed production opportunities, rather than health expenditure alone [1] . Another strength of our study was the use of contemporary sex-specific and agegroup-specific estimates of diabetes prevalence, mortality risk, labour force participation and in-work productivity. Life table modelling allowed us to capture the impact of diabetesrelated productivity losses across the working lifetime. We found that the majority of diabetes-related productivity losses were due to labour force dropout (62.1%) and premature mortality (24.7%) in those with diabetes. This suggests that increased labour force retention and improved diabetes treatment leading to reduced premature mortality in those with diabetes could reduce diabetes-related productivity losses in China. This highlights the trade-off between direct and indirect costs, where increased spending on direct costs may reduce indirect costs through productivity gains. In our analyses, we used PALYs to calculate productivity losses, and an advantage of this approach is that PALYs can be ascribed a financial value (GDP in our study) and net costs calculated. Our study had several limitations that warrant mention. Data on the productivity effects of diabetes in Chinese populations were not available, and hence estimates from a multicountry meta-analysis of the effects of diabetes on absenteeism, presenteeism and labour force dropout were used instead, which may not have been generalisable to Chinese populations. Uncertainty around productivity indices was explored in sensitivity analyses; varying absenteeism and presenteeism by 25% had a small effect on estimates of PALYs lost (±3.1%), whereas the model was more sensitive to equivalent variation in labour force dropout (±15.6%). Our findings were based on modelled estimates from life tables which simulated the progress of the current cohort of people living with diabetes in China through to retirement, but we did not account for incident diabetes arising in the cohort, and hence would have underestimated the potential return on investment from prevention [15] . We also assumed that current projections in temporal trends in mortality rates and GDP growth held true across the model time horizon. However, in scenario analyses, the doubling and removal of the trend in population mortality rate affected the model output by <2%, although estimates of GDP lost were more sensitive to the equivalent changes in GDP growth rate. Other limitations of this study were that: (1) the contribution of comorbidities of diabetes (particularly obesity, and cardiovascular disease risk factors) to productivity loss could not be distinguished; (2) in the absence of available data, the assumption was made that those working were in full-time employment, and the impact of diabetes upon unpaid work was not included; and (3) diabetes might impact on GDP in ways other than through productivity losses [12, 14] . While these limitations may affect the accuracy of the estimate produced by our model, the overall conclusion of our study is unlikely to have changed.
Our findings highlight the significant productivity losses owing to diabetes in the current cohort of people living with diabetes in China. Given the considerable economic impact of these productivity losses, prevention of diabetes and of the complications of diabetes through adequate management of glucose levels should be considered an investment with potentially large economic benefits in the longer term. To inform relevant interventions and their potential social and economic returns on investment, further research is needed to describe the dynamic trade-off between the costs of prevention and treatment strategies and their net economic consequences, taking into account future productivity gains.
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